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Abstract 
According to the findings of the first part of this work, the two impurities in the CO2 stream, from post-combustion 
capture, which require deep removal are oxygen and water, down to 10 and 50 ppmv, respectively. In addition, a 
review and preliminary evaluation of the possible technologies which can be used for oxygen and water deep removal 
was conducted, and the results showed that the promising technologies are: catalytic oxidation of hydrogen and 
refrigeration and condensation, respectively. 
In this paper, detailed process modeling, design and a techno-economic evaluation are performed on these two 
technologies. Both selected technologies were designed and proved their potential by achieving the required levels of 
impurities with a total cost of treating and compressing one ton of CO2 of $13.09 for the coal-fired power plant full 
purification case and $17.23 for the NGCC full purification process. The cost of CO2 compression without the 
purification step was found to be approximately $10.12 per ton of CO2 for the coal-fired case. This means that adding 
the purification technologies to the coal fired case will increase the cost of CO2 compression by around 29.3%. 
Assuming a total CO2 capture and compression cost of $73-94 per ton of CO2 shows that the total CO2 purification 
cost is roughly 3-4% of the overall capture cost. 
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1. Introduction 
One of the challenges facing Carbon Capture and Storage (CCS) technology is the need for CO2 
processing, following the carbon capture stage, due to the presence of impurities which cause technical or 
operational damage to pipelines, geological formations and/or Enhanced Oil Recovery (EOR) application. 
The findings of the first part of this work showed that the impurities which require to be removed before 
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getting in contact with pipelines, geological formations and/or oil in oil reservoirs, are oxygen and water. 
Water can cause corrosion in pipelines and two-phase flow whereas oxygen can cause corrosion and can 
react with underground oils, causing explosive reactions. A preliminary evaluation was performed on 
several technologies for oxygen and water removal, and those that were considered as most promising 
and were selected for further techno-economic evaluation are: catalytic oxidation of hydrogen (for de-
oxygenation) and refrigeration and condensation (for dehydration).  
In this paper, the selected purification technologies are modeled using Aspen Plus program, designed 
and economically evaluated. Three cases are considered in this work: the base case (without purification), 
the full purification case and the mild purification case. The Base case includes only compressing and 
inter-cooling of the CO2 product stream to pipeline transportation conditions. This process is the standard 
current practice for CO2 compression and dehydration. Evaluating this case provides a clear 
understanding of what costs are incurred if no purification took place. The full purification case includes 
purifying the captured CO2 to the restricted limits of oxygen (10 ppmv) and water (50 ppmv) and 
compressing it for transportation [1]. The full purification case is evaluated for both coal-fired and NGCC 
post-combustion plants due to the significant difference in their levels of oxygen and water as well as 
their CO2 stream flow rates. Finally, the mild purification case involves purifying the CO2 stream to 10 
ppmv oxygen and a less restricted limit of water (400 ppmv), and compressing it for transportation. This 
case is evaluated in order to quantify the variation in cost had the purification limit for water been less 
constrained. The base case and mild purification case are performed only for the coal-fired combustion 
plant to be able to compare them with the coal-fired full purification case. 
2. Process Description and Design 
The CO2 stream specifications used for the evaluation of the three studied cases are shown in Table 1. 
These specifications include: the composition of the CO2 stream, its temperature, pressure and flow rate, 
for both coal-fired and NGCC plants. 
Table 1. CO2 stream specifications for Coal fired and NGCC post combustion plants [1-3] 
 
 Coal-Fired Plant NGCC Plant 
CO2 Flow Rate (ton/h) 515 125 
Temperature (°C) 40 42 
Pressure (bar) 1 2.9 
CO2 Compositions (vol% )   
CO2 92.63 96.95 
H2O 7.30 2.88 
O2 0.0063 0.031 
N2 0.0707 0.131 
Ar 0.0011 0.0022 
2.1. Base Case 
As stated previously, the base case comprises of a compression inter-cooling chain for the CO2 
stream. Since the product CO2 stream is at atmospheric pressure, it will need to go through a six-stage 
compression chain to reach supercritical conditions (approximately 80 bar) and then it will be pumped to 
the required pressure for pipeline transportation conditions (110 bar) (as shown in Fig. 1). The pieces of 
equipment used in this process are: compressors, heat exchangers, separators and a pump. 
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Fig. 1. Process Flow Diagram for Base Case 
 
An inter-cooling stage is placed after each compressor in order to cool the CO2 stream to room 
temperature (25°C) and condense as much water as possible. The condensed water is then removed using 
knock-out drums. As suggested by the European Benchmarking Task Force [4], all compressors used are 
isentropic with efficiencies mentioned in Table 2. Also, a pressure drop of 0.08 bar is used across each 
cooler, except for the last cooler, which experiences a pressure drop of 0.8 bar.  
On the other hand, the assumptions used for sizing the equipment are shown in Table 2. The 
efficiencies used for compressors and pumps are suggested by the European Benchmarking Task Force 
[4].  
Table 2. Assumptions for the Design of Evaluated Processes 
 
Assumptions 
Heat Exchangers 
Type: Shell and Tube Floating Head 
Coolers: Cooling water enters at 10 °C and leaves at 20 °C 
Heaters: Heating water enters at 90 °C and leaves at 60 °C 
GTG-XCHR: Temp. approach= 8 °C 
Compressors   
Pump   
Combustion Reactor 85% conversion of H2 
2.2. Full Purification Case 
To avoid corrosion of pipelines and unwanted side reactions in oil reservoirs, caused by oxygen and 
water impurities, a purification process is added to the traditional compression inter-cooling chain of the 
CO2 stream to reach an oxygen content of 10 ppmv and a water content of 50 ppmv. This means that the 
full purification case consists of three processes: dehydration, de-oxygenation and compression. The 
pieces of equipment involved in this process include: heat exchangers, compressors, separators, pump, 
combustion reactor and valve. The process flow diagram of the entire process is shown in Fig. 2. The CO2 
inlet stream (with the O2 and H2O impurities) is first heated to 80°C at atmospheric pressure in order to 
meet the temperature requirement for the de-oxygenation reactor. It is then fed into a reactor, which 
contains palladium catalyst, along with a hydrogen stream, which will react with the oxygen in the CO2 
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inlet stream and form water. Assuming 85% combustion conversion of hydrogen will lead to a decrease 
of oxygen content in the CO2 stream to 10 ppmv (which is the target purification requirement). Following 
that, the CO2 stream exiting the reactor will undergo four stages of compression with inter-cooling and 
water-separation through flash drums so as to reach a pressure of 38.86 bar. Then, this stream will be fed 
into a gas-to-gas heat exchanger where its temperature will be cooled to around 15°C. This will allow for 
water to condense which entails the use of a flash drum to separate the condensed water. The vapor 
stream leaving the flash drum will then be throttled in a valve to reduce its pressure to 9.59 bar at 
adiabatic conditions, leading to a further reduction in temperature to around -28.6°C. This again will lead 
to water condensation and separation via a flash drum. Due to the large pressure drop (38.86 to 9.59 bar) 
and temperature reduction across the valve, the water content in the exiting cold CO2 stream is reduced to 
50 ppmv as required by purification standards. This stream then undergoes another two compression 
stages with inter-cooling till supercritical conditions are reached at 80 bar, after which a pump is used to 
reach the required pressure of 110 bar and a cooler to reach a temperature of 25°C. This CO2 purified 
stream will then be ready for pipeline transportation. 
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Fig. 2. Process Flow Diagram of Coal-fired CO2 Purification Process 
2.3. Mild Purification Case 
The process flow diagram of this case is the same as that of the full purification case in Fig. 2. 
However, the major difference in the design is that the pressure drop across the Joule Thomson valve is 
around 15 bar, which is almost half of that of the full purification case. This pressure drop leads to a water 
content of 400 ppmv in the final CO2 compressed stream. This case is evaluated mainly because of the 
variation in water limits across different studies or projects, depending on the environment, residential 
area and technology used [5]. 
2.4. Technical Results 
According to the process simulation and design for the studied cases, the technical and purification 
results demonstrated by each of the processes are shown in Table 3. 
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Table 3. Technical Results for studied cases 
 
 Coal-Fired Full Purification Case 
NGCC Full 
Purification Case 
Mild Purification 
Case 
Base Case (No 
Purification) 
CO2 product stream 
composition (mol% or ppmv) 
CO2: 99.91 
H2O: 50.1 ppmv 
O2: 11.4 ppmv 
N2: 0.0762 
Ar: 11.4 ppmv 
CO2: 99.85 
H2O: 48 ppmv 
O2: 10.3 ppmv 
N2: 0.135 
Ar:23.4 ppmv 
CO2: 99.88 
H2O: 400 ppmv 
O2: 12.3 ppmv 
N2:0.076 
Ar:11.4 ppmv 
CO2: 99.14 
H2O: 0.774 
O2: 67.6 ppmv 
N2: 0.0756 
Ar:11.3 ppmv 
Amount of CO2 treated (ton/h) 515 125 515 515 
H2 Requirement (ton/h) 0.00305 0.00405 0.00305 - 
Electricity Requirement (MW) 65.6 16.1 53.4 46.8 
Cooling Duty (MW) 115.3 26.6 107.7 91.7 
 
It can be seen in Table 3 that the coal-fired full purification case requires the most electricity and 
cooling duty amongst other cases. This is mainly due to the higher flow rate (as compared to that of 
NGCC) and to the extra energy for purification (mainly from compressors for dehydration, as compared 
to the mild and no purification cases).  It can also be deduced that around 30% more electricity is required 
to perform the full purification process, rather than just compression (base case), and this amount can be 
reduced by approximately 10% for mild purification only. It is also important to observe that the amount 
of hydrogen needed for the coal-fired case is less than that of the NGCC, because assuming the same 
amount of CO2 treated, more hydrogen is required to oxidize the larger percentage of oxygen present in 
the NGCC CO2 product stream (300 ppmv > 63 ppmv). Using these technical results, simulation results, 
and other specifications for each piece of equipment in the processes, sizing of the equipment was 
performed [6-13]. 
3. Economic Evaluation 
Performing an economic evaluation is important to test the economic feasibility and profitability of a 
technology since theoretical effectiveness is not sufficient in deciding whether a technology could be 
made practical. The main parameters that are computed for this evaluation are: the total capital 
investment (CAPEX) and the total operating costs (OPEX). The CAPEX includes: Fixed Capital 
Investment (FCI), working investment and start-up costs. FCI is the sum of the total direct and indirect 
costs. On the other hand, OPEX includes: Direct Production Cost, Plant Overhead Cost and General 
Expenses. 
The project life is assumed to be 25 years with a discount factor of 8% [14] and a yearly average load 
factor (considering scheduled maintenance and unexpected outages) of 85% [4]. The raw materials for 
both the coal-fired and NGCC purification processes are: unpurified CO2 and hydrogen. Furthermore, the 
product for both processes is the purified CO2 stream. 
3.1. CAPEX Calculations 
The cost factors method was used to calculate the CAPEX [7]. This method uses the purchased 
equipment cost as the basis, and all other contributing costs will be calculated as a percentage of the 
purchased cost [7, 9, 15-18]. For all evaluated cases, the compressors have the highest share, which 
ranges between 80 and 95%, followed by heat exchangers with 5-15% of the total purchase cost. Other 
types of equipment have much lower contributions. 
The next important cost parameter to calculate is the installation cost. However, each type of 
equipment has a specific range for its installation factor [7]. Keeping in mind that this purification facility 
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is an add-on to the carbon capture facility, the lower end of the installation factor range is used for 
calculations. Valves are not considered in the installation cost as they are accounted for in the piping 
costs. The installation cost is then determined by multiplying the used installation factor (for each type of 
equipment) by its total purchased cost [7].  
Following the computation of the installation costs, the Fixed Capital Investment (FCI) was estimated, 
which consists of the direct and indirect costs. The parameters making up the FCI are calculated using a 
percentage of the  total purchase cost [7, 19]. The used percentages are generally chosen from the lower 
end of the ranges due to the low direct costs involved in the purification process. 
 The total CAPEX is then found by adding FCI, working investment and start-up costs. Working 
investment is found by multiplying a specific percentage by the FCI [20]. However, the start-up cost is 
found by multiplying a percentage by FCI and adding the cost of the palladium catalyst. The cost of the 
catalyst is found by multiplying the volume of the catalyst (8.83 m3 for coal-fired case and 2.09 m3 for 
NGCC case) by the average cost of catalyst per m3 ($661100/m3 which is equivalent to $55/kg [21] used 
in Qingdao Mingyu Industry Co., Ltd.). 
3.2.  OPEX Calculations 
The total OPEX consists of the direct production cost, plant overhead cost and general expenses. The 
direct production cost consists of several components, being: raw materials, utilities, catalyst make-up, 
maintenance, operating labor, supervision, operating supplies and laboratory charges. On the other hand, 
general expenses include: administrative costs, distribution and marketing, and Research and 
Development costs [7]. 
The first cost parameter determined for OPEX is the utilities cost. The utilities needed in this process 
are:  cooling water (for the six coolers), heating water (for the heater), and electricity (for the pumps and 
compressors). The pumps here refer to the pump used in the end of the process for liquid carbon dioxide 
and the other for pumping cooling water. The electricity requirement for the compressors and pump in the 
process are extracted from the Aspen model results. On the other hand, the electricity for the pump used 
for the pumping cooling water is found through a correlation with the flow, change in pressure and 
efficiencies [22]. The cost of each of the utilities used is taken from Abu Zahra et al. [14]. Using the total 
amount of electric power, cooling water and heating water, total costs of utilities for each evaluated case 
are determined. 
As for the operating labor, an assumption of three needed shifts with one labor per shift is made, 
meaning that three labors are required [14]. With an average labor cost of $59 per hour for 48 hours per 
week, a yearly labor cost of approximately $444,960 is incurred [14]. Regarding the make-up catalyst, an 
assumption of a catalyst life of five years is made. This means that the yearly cost of make-up catalyst 
will be 20% of that of the actual cost of the catalyst. The total OPEX for all evaluated cases was 
computed as a result [7, 19, 20, 23]. 
3.3. Comparison of Results for Evaluated Cases 
After determining the CAPEX and OPEX, it is important to calculate the total cost per ton of CO2 for 
each of the evaluated cases. This parameter is found by adding the OPEX to the product of the annuity 
factor and the CAPEX. The annuity factor (A) is a dimensionless factor which is used to distribute the 
CAPEX along the project life to determine how much of the CAPEX is spent yearly [14]. Annuity factor 
is found using a correlation dependent on the discount factor (d) and the project life years (n), and is 
found to be 0.094. A summary of the major economic parameters for each of the evaluated cases is shown 
in Fig. 3 below. 
 
2468   Zeina Abbas et al. /  Energy Procedia  37 ( 2013 )  2462 – 2469 
0
20
40
60
80
100
120
140
160
Coal-Fired Full 
Purification Case
NGCC Full 
Purification Case
Mild Purification Base Case (No 
Purification)
CAPEX (M$)
OPEX (M$/yr)
Total Cost per ton CO2 treated ($/ton 
CO2)
 
Fig. 3. Summary of results for all evaluated cases 
 
According to the values shown in Fig. 3, it can be seen that the total cost per ton of CO2 for the full 
purification case is approximately two times more than that of the mild purification. Furthermore, it can 
be observed that the total cost per ton of CO2 for the Base Case (without purification) is only 
approximately 22.7% less than that of the full purification case. This means that the majority of the costs 
incurred in the purification process studied actually come from the compression cycle and only 22.7% of 
the actual cost comes from purification on its own. On the other hand, if purification was to reach 400 
ppmv, then the cost of the purification process (excluding compression) will have 15.3% additional cost 
to the base case. Considering the overall cost of carbon capture (with compression), which is in the range 
of $73 to $94 per ton of avoided CO2 [84] and [85], the cost of the purification process (with 50 ppmv 
water) is in the range of 3% to 4% of the capture cost.  
4. Conclusions 
The evaluated technologies succeeded in achieving the targeted purification levels but with high 
investment costs and major operational costs. The coal-fired full purification process was shown to have a 
total cost of $13.09/ton CO2 and that of the NGCC process to be $17.23/ton CO2. However, the major 
costs incurred were actually due to the compression element of the process ($10.12/ton CO2) and only 
22.7% of the total cost is associated with the purification element ($2.97/ton CO2 for the coal-fired case). 
Moreover, when having a less restricted removal of water (400 ppmv), the total impurities removal cost 
per ton of CO2 appeared to be 50% of the costs for the more restricted removal (50 ppmv of water).  
There are several recommendations to be considered for further work to this research. The first is to 
evaluate other technological options for water removal, such as adsorption using silica gel, in details to be 
able to compare the economics with those of the Refrigeration and Condensation. The second 
recommendation is to evaluate the costs of the actual effects of the impurities (if they were not removed 
from the CO2 stream), from an economic point of view, and compare the results with those of this work. 
This comparison will help in deciding whether a purification step is actually more economical than 
dealing with the consequences of the impurities presence. The third suggestion is to carry out some 
experimental work on the effects of the impurities and to have more accurate restricted limits for the 
impurities. 
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